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ABSTRACT

An investigation has been conducted in the Langley 16~foot
trsnsonic tunnel to determine the effectiveness of utilizing solid
circular cylinders tc simulate the jet exhsust plume for a series of
four isolated circular arc afterbodies with little or no flow
separation. This investigation was conducted at Mach numbers from 0.40
to 1.30 at 0° angle o attack. Plume simulators with simulatcr
diameter to nozzle exit diameter ratios of 0.82, 0.88, 0.98, and 1.0C
were investigated with one of the four configurations while the 0.82
and 1.00 simulators were investigated with the other three. Reynolds
number based on maximum model diameter varied from approximately
1.50 x 10° o 2.14 x 10°.

Results of this investigation indicate :hat, for jet total-
pressure ratios near 2, jet-om boattail pressure coefficient
distributions and pressure drag coefficients for any of the
configurations are closely approximated at the low subsonic Mach
numbers (eg. M = 0.40 and 0.60) by one of the smaller diameter
simulators (diameter ratios of 0.82 or 0.88), while at the higher
subsonic and transonic Mach numbers (eg. M = 0.80 to 1.30) use of one
of the larger diameter simulators (diameter ratios of 0.98 or 1.00)
resulted in good approximations of the jet-on pressure coefficient
distributions and drag coefficients. However, use of one of the larger
diameter simulators at all Mach numbers would generally result in

pressure coefficient distributions and drag coefficients useful for

11 PRECEDING PAGE BLANK NOT FILMED
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preliminary design work. The two theoretical methods cf boattail
pressure coefficient distribution prediction evaluated as a part of
this investigation generally gave reasonably good approximations to the
jet-on (again, jet total-pressure ratios near 2) boattail pressure
coefficient distributions but the resultant pressure drag coefficients

were not satisfactory.
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CHAPTER I

INTRODUCTION

One of the most critical areas in the design of an aircra’t as
far as the requirement for a low drag configuration is concermed is in
the area of the afterbody and nozzles. The flow in this region is
extremely complex with upstream disturbances interacting with the
expansion and succeeding recompression on the boattail surface and
both interacting with the jet exhaust plume, It is therefore
important to obtain knowledge of the afterbody and nozzle flowfield
and resultant drag as early as possiule in the design procedure to
insure that the afterbody-nozzle design is the best possible.
Unfortunately, wind tunnel models for afterbudy-nozzle investigatioms
which include means to simulate the jet exhaust are extremely complex
and costly; both of which work to the disadvantage of the desigaer in
his attempt to obtain data early in the design procedure. The
complexity associated with the internal plumbing required for the jet
simulation medivm whether it be air, “202' Hz. or propane, etc.
means that there is a long lead time between the initial requirement
for a model and its design and completion. The cost of this type of
modei also helps to deter the construction of the model until the
configuraticn lines are frozen to be sure that the model will
correctlv represent the final selecited configuration.

It would therefore be extiemely zdvantageous to devise a method

whereby the afterbody-nozzle pressure distributions and ience drag

1



of a configuration could be reasonably well predicted early in the
design process either analytically or by use of a relatively cheap
wind-tunnel model. An attempt at a cheap, simple substitute for jet
simulation has been used by Lewis Research Center and others

(refs. 1 to 13 - These references are all which could be found by the
author at this writing which utilize this technique for simulating
the jet effects of a jet engine exhaust plume st subsonic and
transonic speeds.). This method involwms the use of a sting mounted
model with a "jet boundary," “sting," or "plume” simulator (hereafter
referred to as a simulator) which 1s normslly a circualar cylinder
aounted on the model support sting whose diameter is equal to that of
the nozzle exit, thus simulating the on-design jet plume shape when
external flow effects on the plume are neglected (refs. 13 to 17).
On-design means that the exit static pressure of the jet equals the
free~stresm static pressure. For convergent nozzles, like those of
this investigation, this occurs at a jet total-pressure ratio,

Py, jlpm , of about 1.9, At jet total-pressure ratios below this point
the nozzle flow is not choked and thus the exhaust remains subsonic
while at pressure ratios above this the exhaust flow is underexpanded
and the exhaust plume will billow out trying to equalize static
presgure -1ith the free atream.

Note: References 1 to 13 and this inwvestigation are limited
solely to the simulation of the effects of the exhaust from a jet
engine at subsonic and transonic speeds and thus the references
exclude all work on the simulation of jet engine exhaust effects at
supersonic speeds and the simulation of rocket engine exhaust

effects at all speeds. A typical example of the former is reference
13 while references 19 and 20 are typical examples of the latter.



The decision toc eliminate work on simulatiom of both jet engine and
rocket plume effects at supersonic speeds was made because the plume
blockage effect predominates at those speeds and can be reasonstly
well predicted with technijues such as the method of characteristics
(ref. 18). Work on rockets at subsonic and transonic speeds was
excluded because rocket engines generally op~rate at very high jet
total-pressure ratios and thus operate underexpanded due to nozzle
welght considerations and at chcse cendicions the plume is
definitely nct a circular cylinder (refs. 21 to 23).

Although this method has been used a number of times there has been
lictle wurk done to determine 1ts validitv. Most previous
comparisons between models with sigulators and models with blowing
jets have been between models of two different scales, or even
between model scale and full scale. As a result, any agreement
between models could be fortuitous or any disagreement could be

due to other factors such as Reynolds number differences, model
support 3ystem differences, or variations in instrumeatation location
and accuracy between tests.

In order to assess the validity of using slmulators an
investigation utiiizing simulators of various diamecers was conducted
in the Langley 16~foot tramsonic tunnel in conjunction with the air
powered model investigation of several circular arc aiterbodies
(refs. 24 and 23).

The investf--tion was conducted at Mach aumbers from 0.4C to 1.30
at 0° angls of attack (The investigation of references 24 and 25
covered the same Mach number range with jet total-pressure ratios

varying from jJet-off to about 6 depending on Mach number.). Of those

afterbodies reported in references 24 and 25 enly those witn little



or no boundary layer separation will be reported in this psper. In
addition to evaluating the usefulness of the simulators two
theoretical techniques for the prediction of afterbody pressure
distributions for nomseparated afterbodies (refs. 26 and 27) will be
evaluated. There are numerous other theoretical techniques for
afterbody pressure distribution prediction. Some are strictly
inviecid (eg. refs. 28 to 32) while others add a boundary layer
solution (eg. refs. 13, and 33 to 35) but it was felt that the two
methods examined herein would be representative of the current

“state of the art.”



CHAPTER 11

EXPERIMENTAL APPARATUS AND PROCEDURE
Wind Tunnel
This investigation was conducted in the Langley 16-foot tramsounic
tunnel, wvhich is a single-return, continuous, atmospheric tunnel. The
test sectio~ 1s a regular octagon in cross section with slots at the
corners of the octagon. The tunnel speed is continuously variable
from Mach 0.20 to 1.30. Further descriptior of the Langley 16-foot

transonic tunnel can be found in referances 36 to 38.

Model and Support System

A sketch of the single-engi. ¢ nacelle model used in the air
povered portion of this investigation (refs. 24 and 25) is showm
in figure 1 with a typical circular-arc boattail configuration
attached. Figure 2 is a photograph of the nacelle model installed in
the Langley 16-foot transonic tunnel. The cc¢ .-~cylinder nacelle had a
rounded shoulder at the junction of the conical nose and cylindrical
section. In this nacelle. dry, high-pressure air at a stagnation
temperature of about 274K is introduced from the high pressure plenum
perpendicularly to the model axis into the low pressure plenum through
eight multi-holed sonic nozzles spaced at equal angles around the axis
of the high pressure plenum and thence accelerated rearward. The flow
smoothing screens in the model tailpipe were constructed of 0.635-cm-

mesh, 0.0635 cm-diemeter-wire screen supported by four vanes.
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For the simulator investigation the conc-cylinder single engine
nacelle model was modified by the addition of an intermal sting
arrangement to provide a support for the various simulators. A sketch
of the modified model is shown in figure 3 with a typical circular-arc
boattail configuration attached. Figure 4 is a phougraph of the
nacelle model installed in the Langley l6~foot tramsonic tunnel with
a typical configuration and dslde = 1.0 simulator ettached.

The model was supported in the tunnel by a sting-strut support
system, the swept strut being attached to the anose of the model as
shown in figures 1 to 5. The center line of the model was located
on the wind-tunnel center line, with the center line of the sting
55.88 cm below that level. The sting was 5.08 cm by 10.16 cm in
cross section with the top and bottom capped by half-cylinders of
2.54 cm radius. The strut blade was S percent thick with a 50.8 cm
chord in the streamwise direction and with the leading and trailing
edges swept 45°.

A sketch of the model and support system is showmn in figure S5
elong with corresponding cross-sectional area distributions. The
model blockage was 0.099 percent of the test-section cross section,
and the maximum blockage cross section of the model and support

system was 0.148 percent. The sting-~strut pesitionsd the noss of the

model at tunnel station 39.93 meters.
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Afterbody Models

A detailed sketch of a typical afterbody nodel and a table of
dimensions for the four configurations are presented in figure 6.
For the air powered portion of the investigation (refs. 24 and 25) the
internal contour of each of the nozzles was essentially an ASME long-
throat nozzle (ref. 39) modified to fit within dimensional constraints
imposed by the external contour of each afterbody (length S and r as
a function of a8 - fig., 6 - changed from the ASME contours as
necessary to go from a fixed internal diameter to the required exit
diameter within the bounds set by the externmal contour of the boattail
and the required space for tube routing and the length of the boattail).

The throat (length t in fig. 6) was circular in cross section.
Instrumentation and Tests

The four afterbody models were equipped with static-pressure
orifices distributed longitudinally on an equal-annular area basis at
the locations given in table 1. The models had from 48 to 72 orifices
(depending on configuration) which were connected to individual,
remotely located, electrical strain gage pressure transducers. The
simulators were each instrumented with 16 atatic-pressure orifices
at the locations given in table 2, These orifices wsre connpacted to a
pressure scanning valve installed in the model. All pressure
transducers were calibrated to an accuracy of +0.5 percent of the
capacity of the gage (static-pressure gages 1.72 x~104 Nln2 and

3.45 x 104 N/m?; jet total-pressure gages 6.89 x 10s N/mz).
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Table 1
AFTERBODY-SURFACE ORIFICE IOCATIONS

¢) deg
x/1 xfdam O 30 60 9 120 13 150 180 25 315

CONFIGURATION 1

0 0] x X b4 X X x X
«209 370 X X x x x
. 366 .6h7 x x x X x
478 .85 x x x x x X x x x
572 1.012 X X x x x - X
657  1.162 X x x x x x
-7 1.303 x x X x x x X x
815 1.0 X x x x x N
891 1.576 X x x x x < x
969 1.T1k X x x x x x x x x
CONFIGURATION 2
0 0 X X b 4 X x X b & X
234 351 x x x x x x
U100 .615 x x x x x x
.535 802 x «x x x x x x x
.640 .961 x x x x x x
.36 110k x  x x x x x
825 1,238 x x x x x X x x
911  1.367 x x x x x x
972 1.8 x x x x x x
CONFIGURATION 3
0 0 x X x x x x x x
27 .hob x x x x x x
ATh Tl x x x % x x
.618 928 x x x x x x x x
LT 1111 X x x x x x
1 1.276 X X x x x x
955 1.b32 x x x x x x x x
CONFIGURATION &
0o 0 X X x £ x x x X
270 .50 x x x x x x
A7 9k x x x x x x
618 1.2% x x x x x x x x
LT L.480 X x x x x x
S50 1.701 x x x x x x
954  1.909 x x x x x x x X
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Table 2

SIMULATOR-SURF.."E ORIFICE LOCATIONS

CONFIGURATION 1 CONFIGURAT)NS CONFIGURATION &
24N 3
x/2 x/dm x/2 x/dm x/L x/dII
1.047 +.851 1.056 1.583 1.042 2.083
1.094 1.935 1.111 1.667 1.083 2.167
1.141 2.018 1,167 1.750 1.125 2.250
1.18% 2.101 1,222 1.833 1.167 2.333
1.236 2.185 1.278 1.917 1.208 2.417
1.283 2,268 1.333 2.000 1.250 2,500
1.330 2.351 1.389 2.083 1.292 2.583
1.377 2.435 1.444 2,167 1.333 2.667
1.424 2.518 1,500 2.250 1.375 2.750
1.471 2.601 1.556 2.333 1.417 2,033
1.519 2,685 1.611 2,417 1.458 2.917
1.566 2,768 1.667 2.500 1.500 3.007
1.660 2,935 1.778 2.667 1.583 3.167
1.754 3.101 1.889 2.833 1.667 3.7333
1,848 3.268 2.000 3.000 1.750 3.700
1.943 3.435 2,111 3.167 1.833 3.667

All tests were conducted in the Langley l6-foot transonic tunnel
at Mach numbers from 0.40 to 1.30 at an angle of attack of 0°., Model
attitude was set so as to account for tunnel upflow, but nv account
was taken of possibls sting daflection which was found to bs
extremely small., BRoundary layer rransition on the model was fixed by
a 0.254~cm strip of No. 100 grit, 2.54 cm from the nose, in acccrdance
with the techniques described in references 40 and 41.

Since the Langley 16-foot transonic tunnel is an atmospheric
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tunnel the tunnel free-stream conditions will vary according to the
ambient conditions. The range of free-stream conditions versus Mach
number is shown in tigure 7. To keep the variation in tumnel total
temperature as small as possible data were taken at the highest Mach
number first and then at progressively lower Mach numbers. For each
Mach number at which data were required the twmel conditions were set
and allowed to stabilize at which time a number of frames c;f data were
taken, the average of which was used to compute the desired
coefficients. An average of a number of frames of data was used
because th: 16-foot tunnel has a small cyclic variation in the flow
with & period of about 10 seconds and it was felt that an average

of a number of fraues would give the best answer.

Data Reduction

Pressurv drag coefficients were computed from the measured
pressures on each boattail. These coefficients are based on maximm
cross-sectional area of the model and were cbtained froa the pressure
data by assigning an equal annular area to each orifice in the top
row and computing them from the equation:

n
1 -
.87 A Ay (o, = Pg, 408 4

The top row of orifices was used exclusively becsuse of the
possibility of support-strut interference. In references 24 and 25

it was reported that the data from the # = 0° row of orifices could be

assumed to be interference free, and unpublished data from the present
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inves:igation which compared pressures on these boattails mounted on
the sting-strut with pressures or the same boattails mounted on a
sting support this belief. No attempt was made to include the forces

on the small rim at the nozzle exit between db and de {see fig. 6).



CHAPTER II1I

RESULTS AND DISCUSSION

Pressure distributions.- The jet exhaust plume affects the

afterbody boattail pressures in two ways: by the entrainment of
external air flowing over the boattail and by the solid bluckage or
shape effect of a body downstream of the boattail. These two
phenomena result in opposite effects on the boattail pressure
distributions. The entrainment of the external flow causes a
reduction in the afterbody pressure coefficients while the solid
blockage effect causes a rise in the afterbody pressure coefficients.
In trying to model the effects of the jet exhaust on the afterbody both
of these phenomena should be taken into account. However, at the
present time it is impossible to predict the entrainment of any given
jet. Therefore, the use of circular cylinder simulators is, at best,
a compromise In that the jet entrainment effects will not be simulated
and only the plume shape of a nozzle operating at its design point
will be matched (strictly true only at static conditions due to the
effect of the body induced flow angle of the external flow on the
plume shape, that is, the flow over the boattail is parallel to the
boattall surface and thus has a finite momentum divected toward the
center of the jet when it leaves the end of the boattail).

Fortunately this compromise is not too bad, especially for the higher

subsonic Mach numbers. Most subsonic transport aircraft and fighters

19
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at subsonic cruise utilize convergent nozzles and turbofan engines
which operate in a range of jet total-pressure ratios near the
convergent nozzle design point of sbout 2 (see fig. 20). Also the
data of references 24 and 25 show that there are no significant
variations in afterbody bcattail drag levels with jet total—prgssure
ratio umtil well past a jet total-presgsure ratio of about 3. A3 a
result, simulating the design poiunt jet total-pressure ratio

(p, /P, = 2) with the solid cylinder simulator should result in an

t,J
error in drag due only to the missing entrainment effect and the
effect of the body irduced flow angle on the jet plume.

Shown in figures 8 to 11 are comparisons of the afterbody
pressure coefficient distributions for the four configurations of
this paper obtained through the use of simulators of varying diameters
(ds/de of 1.00, 0.98, 0.88, and 0.82 for configuration 1 and ds,de
of 1.00 and 0.82 for configurations 2, 3, and 4) with pressure
distributions from references 24 and 25 which were obtained with high

pressure air (at p_ ,/p_ = 2) as the exhaust medium. Simulators of

t,J

smaller than exit diameter were utilized in an attempt to lessen the

blockage effects and as a result simulate the combination of

blockage and entrainment effects. The pressure coefficient

distributions on the simulators themselves are shown for informatiom,
Figure 8 presents the simulator-jet-on comparisons for

configuration 1 (Rldm = 1.77, dc,dn = 0,50). At the lower Mach numbers

(eg. M = 0,40 and 0.60) entrainment has a larger effect on the afterbody
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pressure coefficient distribution than it does at the higher subsonic
Mach numbers where the exhaus: and free stream have close to the same
velocity (eg. M = 0.85 to 0.96). As a result, the jet-on pressure
coefficient distributions at the low Mach numbers are more closely
represented by one of the smaller diameter simulators than by the
ds/de = 1.00 simulator while those at the higher subsonic Mach numbers
are most closely represented by the ds/de = (0.98 simulator. At the
supersonic Mach nurbers investigated, the boattall pressure
coefficients upstream of the shock (shock located at approximately
x/dm = 1.45 for this configuration) are about the same for all the
simulators and for jet-on while downstream of the shock in the
separated region (shock induced separation) the jet-on pressure
coefficients genesrally fall between the pressure coefficients for the
ds/de = 0.98 and ds/de = (.88 simulators. However, use of one of the
larger diameter simulators at all Mach numbers would generally result
in pressure coefficient distributions with the correct shape and
ninimum pressure coefficient satisfactory for preliminary design work.
The same general comments are valid for the other three
configurations (Udm = 1,50, de/dm = 0,60; l/dm = 1,50, de/d' = 0,70;
and E/d‘ = 2,00, de/dm = 0.70) in figures 9, 10, and 11. Also, by
exauining the various pressure coefficient distributions at any given
subsonic Mach number it becomes apparent that as the boattail angle
and the resultant inflow into the plume are reduced so is the effect of
the entrainment and as a result the pressure coefficient distributlons

obtained with the larger diameter simulators (eg. ds/de = 0,98 and 1,00)
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more clogsely match the jet-on (pc j/x)‘° = 2) data since they more
»
closely match the plume blockage 2ffect.

Comparison with theory.- There are several theoretical techniques

available with which to predict afterbody pressure distributions
(refs. 26 to 35). One of the most widely used and one of the most
recent are given in references 26 and 27 respectively. These methods
are both inviscid solutions but utilize differeant solution techniques.
Reference 26, which 18 a relatively inexpensive method in terms of
computer time and cost, utilizes distributed sources and sinks on the
body surface to calculate the flow-field and resulting body pressure
distribution. In order to simulate jet effects with this method the
jet plume shape must be.specified and input like a solid body
dovmstream of the nozzle exit. Reference 27 utilizes a stream tube
curvature analysis in which an initial grid of stresmlines and
orthogonals 18 set up and then refined in an iterative solution
(relatively expensive in computer time and cost). This method has the
capability of calculating its own plume shape for low jet total-
pressure ratio exhaust flows so that only jet total-pressure, total-
temperature, and exit Mach number need be specified in order to
aimulate a jet exhaust (plumes resulting from this calculation are
very close to cylindrical). Since these methods are inviscid
golutions they do not take into account the boundary layer development
on the afterbody. This can often result in neglecting a significant

contribution to the resultant pressure distribution. In an attempt
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Figure B.~ Continued.
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to account for the contributions due to boundary layer development the
method of reference 26 has been modified at ~he Langley 16-foot
transonic tumnel by the addition of an iterative boundary layer
solution which was adapted from reference 34 (modified Reshotko-Tucker
solution). Although this particular solution was used because of the
relative ease in adapting an existing computer program there are
several other boundary layer solutions which could be adapted to serve
the same purpose (eg. refs. 42 to 47). Referemce 27 discusses a
boundary layer solution which is used in conjunction with its inviscid
solurion, however thi. program is still under development and the
boundary layer sclution does not work correctly for most cunfigurations
at the present time.

Figures 12 to 15 prccautr cuspariscus of the afterbody pressure
coefficient distribitions for the four cuufigurations of this paper
obtained both jet-on at a jet total-pressure ratio of two and with the
dalde = 1.00 simulator at various Mach numbers with the pressure
coefficient distributions as predicted by the theoretical methods. In
alli cases the solid body used to simulate the jet plime shape for the
method of reference 26 was a circular cylinder with the diameter of the
cylinder equal to the exit diameter of the nozzle (ssme as d‘/d‘ = 1.00
simulator).

Figure 12 presents the pressure coefficient distributiom
comparisons for configuration 1 (!./<l|n -1,77, deld. = 0,50) at six

subsonic Mach numbers from 0.40 to 0.90. At all Mach numbers except
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M = 0.90 the method of reference 26 predicts the minimum pressure
coefficient on the boattail very well and the general shape of the
curve fairly well, Since this is an inviscid sclution which neglects
such things as the boundary layer "filleting" cormers the predicted
pressures near the boattail trailing edg. are too high because a
concave corner such as between the boattail and the assumed
cylindrical plume results in the theory predicting a stagnation point.
At M = 0.90 the theory under-predicts the peak negative pressure
coefficient by a slight amount. This is probably due to the
inadequacy of the Goethert similarity rule used in the solution at
this transonic Mach number. The addition of the boundary layer
solution to this method virtually eliminates the problem of the
stagnation point at the trailing edge; however, it does result in the
predicted boattail pressure coefficients being too high (It must be
noted that the prograam would not run for configuration 1 at Mach
numbers of 0.80, 0.85, and 0.90 and for configuration 2 at Mach
numbers of 0.85 and 0.90 and, as a result, no boundary layer curves
are shown for those conditioms.).

The method of reference 27 produces varied results; at some Mach
numbers the predicted pressure coefficients are lower than those
obtained with the jet operating or with the plume simulators while
at other Mach numbers it predicts pressure coefficients that are too
high. The reason for this is that the program sets up a grid of

streamlines and orthogonala at a given Mach number and refines it
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until certain convergence criteria are met at which point it produces
answers and proceeds to the next Mach number. At the next Mach
number it starts with the already developed grid and does any further
refinement necessary, produces answers, and starte the process over
again. However, in most instances the refinement criteria are not
sufficiently stringent and thus the same grid will satisfy the
equations of motion for more tham one Mach number and when this occurs
the predicted pressure coefficient distributions will be essentially
the same for both Mach numbers. 1t is at the Mach numbers where the
grid has changed that the program predicts pressure coefficients lower
than the data while an increase in Mach number above this but before
the next grid refinement will result in a decrease in the measured
pressure coefficients with the predicted coefficients remaining the
same and thus changing the relationship of the two curves. In
addition, this ctheory also predicts pressure coefficiente that are

tco high in the region near the boattail trailing edge but they are
not as high as those predicted by the method of reference 26.

Similar statements can be made for the comparisons for the other
three configurations (figs. 13, 14, and 15). The theory of reference
26 does a reasonably good job of predicting the minimum pressure
coefficient reached on the afterbodies but does a poor job at the
trailing edge where it predicts a stagnation point. The addition of a
boundary layer solution to this theory eliminates the problem with the

trailing edge stagnation point but causes the whole pressure
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coefficient distribution to be slightly high. Pressure coefficient
distributions from the method of reference 27 are sometimes too low,
sometimes too high, and have a slight problem at the boattail trailing
edge but not as large as those obtained with the method of reference
’26. In summary, these theoretical techniques do a reasonably good

job of predic.:ting the afterbody pressure coefficient distributions for
these unseparated afterbodies but not as good a job as the dslde = 1.00
simulators. In addition, the integrated boattail pressure drag

values which would be calculated from these theoreticel pressure
distributions would, in general, predict afterbody drags much lower
than the jet-onm, P, jlp“ = 2 drag for all configurations and
therefore be unsatisfactory for drag estimation. Also, if separation
occurs on an afterbody such as the configurations of referemeces 24 and
25 not treated herein the theoretical pressure coefficient distribution
~ predictions would be considerably more in error and the resultsnt
afterbody drag values would be totally unrealistic.

Boattail drag.- Figures 16 to 19 show curves of toattail pressure
drag coefficients as a functiom of jet total-pressure ratio (’t, jlp,)
from references 24 and 25 with the pressure drag coefficients obtained
using the simulators superimposed on them. As ment:-ned before,
configuration 1 (Udm =1,77, de,dn = 0.50) wvas tested witb four
simulator diameters ((l./cle = 1.00, 0.98, 0.88, and 0.82) while the
other three configurations were tested with only the d.Id‘ = 1,00 and

0.82 simulators, With the exception of configuration 2 (!./d- = 1,50,
de/dp, = 0.60) at M = 0,40 the drag coefficients obtained with the
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ds/de = 0.82 simulators were always higher than any jet-on drag
coefficients obtained for the corresponding configurations at ary
Mach number. The drag coefficients obtained with the ds/de = 0,88
simulator tested with configuration 1 were also higher than any jet-on
drag coefficients with the exception of the Mach numbers of 0.40 and
0.60. Also for configuration 1, the boattail drag coefficients
obtained with the ds/de = 0,98 simulator generally crossed the

cD.B vs. pt’j/p°° curve at a jet total-pressure ratio of between 1
and 2 at subsonic speeds and about a jet total-pressure ratio of 3 at
supersonic speeds.

These results are generally as expected based on the pressure
distributions. The smaller diameter simulators (dslde = 0.82 and 0.88)
more closely match the drag coefficient levels at the low Mach numbers
where the entrainment effects are large and these entrainment effects
reduce the beneficial blockage effect of the full iet plume. The
large diameter simulators (ds/de = 1,00 and 0.98) more closely match
the drag coefficients at the higher Mach numbers where the entrainment
effects are not as great. However, use of the ds/de = 1.00 simulators
generally results in drag coefficient values corresponding to jet
total-preasure ratios in the range of 2 to 3. Fortuitously, this is
the typical operating range for subsonic transport aircraft and for
fighter-type aircraft at subsonic cruise conditions as evidenced by .
the two typical curves of operating jet total-pressure ratio as a
function of Mach number shown in figure 20. Therefore the drag

coefficient data thus obtained by use of a model with the simulators
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70

el

%/

R 3
8

98

—————— L0

Jeton, ref 24

o

'

!
1
i

rr T - Gt Al 7 T T A r

H 1 _ « { | w . i . _ i
w_iw=‘f. RAR R Rt A A S I A O
N L N S S : S
" ” Miw Vi « A T - i . .W._n S ..

SR G SR - e e L , IR 4

| roor b m C T /T
T h r T T T T
I AR SN SN NN SRR SN S S A0 U SUN IS BV S
R T T T
1rw‘ +—+ .l}]l. uﬂa Lﬁ\ - ”ﬁ_ 1 wﬂ 1 t J.
N ! 1 ' m. : t b . Ry 7,1!
S s B /4 T R AU A (S A
‘ *ed Yot A O B ! 1 ! T T
O R I R B e R R 1S R e

— -
!
|
}

R P S

N e

(c) M= 0,96 to 1.30

Figure 18.- Concluded.



71

1./“9

————

8

‘Aﬂ..w u.l.l_—. HAJ‘ M .ﬁw T T «M.\luxrv.r FJ_.. ri_'dd. ™ T 25 I} T b Y .—i._. x ,..)
T.‘ e _w { . H, g hy Illm — 4 T : ! y P _
B T L T N O B e e e e s P B
Statbth 1 T S A 00 B PN T L 94 0 IRV A "
T A T Bs 4 H T M T H T
[ | N N E B -l LI oot e ; r_vlq.Fr.
+ —+ e, b e - -
4 S -1 . S - P e d - { SO —
3 - i 1 . a1 enm S o
spobgrele e b g I L= e[t i T3 )
= ~
- |t 1" —+ " - + T + 1 - L3 T H
4 I R (A 2 1 B A e ol [0S Sl
[m T~ T LA ; 1 -
N Sl i o ] Wv&f.y -1 s i o b s 444 —%- - 11— * T HS SIS
Wm‘ ; - 1 +- i
bk I i w .- R 4} SN IS B FN ) S N R DR B
S -+ b — - + — " Y U N JRN
R g,l | WH T . 7 ;4 DE 00N S B R DR S I O A R
(TR | S W 4 .4 ‘T.thlﬁqu ol i r + ol | A H
Lo Wl | o ) W a i li i H 1 T
! . — —t H _rb 4 i + + -
I T T v T R = 0
: R D . b g b— .- p—
CETUTTT T T T T TR Y
! : . . ) -
9 A ) T =3 . ! t i gt aﬂ? - R S M S T .
Shr b b o R e e g s o + b -+ :
EGTE ) G B B L A S I S A G D N ! i
TJ‘ T ! T T T " + -
s 4 - - 4 - - b .- a4 e ey - -
N L 1 . TR § e e e
T. s 1 A ! w ; ﬁ . \ i - [ '/} .o
4 4 4 4
T H Ld _<I‘|| N A g M T v -
REEEEE Ty h N _ tr 1 - R 1 M% t -
= Lo 13 «l.v—])lx ' [t Sundihtn i B e S S B —T Rl A B T
I 1 . , i 1
IR BREE REAN BRN 2 CHHE DR N SN T BN R DR .
] o = 2 ™ = P 3 = ° E) ) 3 o e B

LD, 3

YL

(a) L= 0.40 to 0.94
Figure 19.- Comparison of integrated boattail p:zrssure drag coefficilents

obtained _hrour’ wse of the asimulatore with jet-on wil«es

4 (Ndm = 2,00, de/dm = 0,7J).

for configurat.



™~
[aD)

M0

1

¥

'

..,.4"

. H
: i
i

J

t
'

FEE==S

-t

ra

[

© .

1r

i

-—

T
e

!

i

iRt mpring-auuns gune

—
=

1
<t
-4
|

S PP

M= 20

v -

-3
N
3 .
——d e d e
Metis

+

[

i o 3

AREIRE

- L ! .
odF —= -_.Ii.___...; —e

%/%,

(b) M = 0,96 to 1.30

Figure 19.- Concluded.



73

would provide useful information for early design pertaining to the
jet-on operation of the aircraft configuration especially when
wompared to having to rely on drag data obtained at jet-off conditions.
To further illustrate the capability of the simulators to provide
reasonatle approximations of the drag coefficients for an afterbody
configuration with jet operation the boattail drag coefficients
obtained with the simulators have been plotted as a function of Mach
number and compared with jet-on p:,j/pw = 2 (desizn point - where the
plume should te a cylinder with a diameter equal to the exit diameter)
draz coefficient data from references 24 and 25 ia figures 21 to 24.
The comparisons for a given configuration are initialiy shown with the
drag coefficient data for an individual afterbody-simulator configura-
tion compared to the jet-on data and then the drag coefficient data
for all the simulators tested with the particular afterbody
configuration in question are shown together with the jet-on drag
coefficient data for that configuration (where all the simulators are
plotted together the jet-on data points are filled for ease in reading
the figure). As was concluded from the previously presented data it
is evident that the larger diameter (ds,de = 0.98 and J.0C) simulators
more closely meétch the jet-on drag coefficients .or all four
configurations for a greater range of Mach numbers and, ir. particular,

for the more important tramsonic range of Mach numbers than do the

smaller diameter simulators (da/de = 0,82 and 0.88). To be able to

choose one simulator diumeter .for general use to reach a compromise

be.ween piume blockage and entrainment effects wouid require
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additional tests with both the ds/de = 1.00 and 0.98 simulators and
simulators of slightly smaller diameter (down to possibly ds/de = 0,95)
with a greater number of configurations. However, the present results
dc indicate that the simulators can be an effective tool to gain
information about the jet-on drag characteristics of an afterbody
configuration both quickly and relatively inexpensively.

Additionally, figure 25 shows cross-plots of the jet-on urag
coeificient data from references 24 and 25 for the four configurations
of this paper at the transport jet total-pressure ratio schedule of
figure 20 compared to the drag coefficient data obtained using the
various simulators with those configurations. Again, the larger
diameter simulators (ds/de = 0,98 and 1.00) more closely match the jet-
on drag ¢refficients for all four configurations for a larger range of
Mach numbers and for those Mach numbers in the critical high subsonic
regime than do the smaller diameter (ds,de = 0.82 and 0.88) simulators.
This similarity to the pt'jlg°° = 2 cowmparisons is due to the
following: The jet total-pressure ratio schedule of figure 20 does

not vary too far from a p /p°° of 2 for the range of subsonic Mach

t,J
numbers tested, and the jet-on dreg coefficients for these afterbodies

do not vary significantly from the p /p°° = 2 values of jet total-

t.J
pressure ratios near 2.
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CHAPTER IV

CO. CTLUDING REMARKS

An investigation at 0° angle of attack has been conducted in the
Langley 16-foot transonic tunnel at Mach numbers from 0.40 to 1.30
to determine the effectiveness of utilizing solid circular cylimders
to simulate the jet exhaust plume effects on a series of four isolated,
nonseparating, circular arc afterbodies. The results of this
investigation indicate three primary conclusions:

1. Use of the jet plume simulators resulted in boattail
pressure coefficient distributions close to jet-on (pt'j/pm = 2)
pressure coefficient distributions for all configurations at all Mach
numbers. The smaller diameter simulators (ds,de = 0.82 and 0.88)
generally produced pressure coefficient distributions which more
closely matched the jet-on distributions at low subsonic Mach numbers
(eg. M = 0,40 and 0.60) where entrainment effects are large. The
larger diameter simulators (da/de = 0.98 and 1.00) generally more
closely matched the jet-on pressure coefficient distributions at the
higher subsonic Mach numbers (eg. M = 0.80 to 0.96) and tramsonic Mach
numbers where the blockage effect predominates., However, use of one
of the larger diameter simulators at all Mach numbers would generally
result in pressure coefficient distributioms with the correct shape
and minimum przssure coefficient satisfactory for preliminary

design work.

90
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2. Comparisons of the integrated pressure drag values obtained
through use of the simulators with those jet-on values from the
references follow the same trends as the pressure coefficient
distribution comparisons. At the lower Mach numbers the small
diameter simulators (ds/de = 0.82 and 0.88) match drag coefficients
more closely while at the higher Mach numbers the larger diameter
simulators (ds/de = 0.98 and 1.00) are somewhat bettexr. Again, use
of the large diameter simulators for all Mach numbers would probably
result in integrated drag coefficients which would be of value in the
early design stages of an aircraft configuration. Choice of a
simulator/exit diameter ratio to most accurately simulate the dual
plume effects of blockage and entrainment for general use would
require further testing with a number of simulators and additional
afterbodies.

3. Both of the theoretical techniques evaluated _s a part of
this investigation gave reasonably good approximations to the correct
pressure coefficient distributions when compared with the jet-on
distributions from the references aithough both predict a stagnation
point at the boattail trailing edge. The method of reference 26 would
probably be preferred for its consistency in predicting the peak
negative pressure coefficients reached on each boattail for most Mach
numbers. It must be noted that, although the pressure coefficient
distributions were reasonable, the resultant pressure drag coetficients

were unsatisfactory.
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